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A B S T R A C T
To achieve adequate compaction of hot-mix asphalt 
pavement, rolling normally must be completed before the 
average temperature of the mat falls,below approximately
temperature is important in estimating the available time 
for rolling.
In previous work on prediction of average mat 
temperature, it was assumed that the variation of mat 
thickness, density, and thermal conductivity due to compact­
ion had negligible effect on the cooling of the mat.
However, in this study it was postulated that variation 
of these mat properties significantly affect the rate of 
cooling of the mat. Quadratic equations that approximate 
variation of mat properties were developed and incorporated 
in the finite difference solution for temperature distribu­
tion in the mat and base.
The average mat temperature at any time was calculated 
from the temperature distribution as shown below
175°F. Consequently , accurate prediction of average mat
n r+ TM.,/2 )/(n - 0.5)
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where TM^ = temperature of node 1 in mix, °F
TM^ = temperature of ith node in mix, °F
n = total number of elements in mat
("0.511 appears in the expression 
because the surface element is 
one-half the thickness of other 
elements).
A wide range of environmental and base conditions 
was investigated: 0 to 10-knot wind velocity, atmospheric 
temperature from 10°F to 60°P in increments of 10°F, and 
moisture contents of 0, 10 and 20 percent in the base. 
Initial base temperature was selected as equal to atmos­
pheric temperature.
Results of this study showed that the change of 
mat properties with compaction significantly increases 
the time for cooling of the mat. This effect was greatest 
at high wind velocities.
iv
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I N T R O D U C T I O N
In construction of asphalt pavements, the ability to 
predict the average mat temperature as a function of time 
is very important in estimating the allowable time for 
compaction after placement of the mix. Compaction must 
take place at sufficiently.high temperature (with corres­
pondingly low viscosity) in order to obtain specified 
densities.
Variables that control the rate of cooling of mat 
are: 1) mat thickness, 2) thermal properties of mat and
base, 3) atmospheric temperature, 4) initial temperature 
of the mix, 5) initial temperature distribution in the base, 
6) wind velocity, and 7) solar radiant flux.
In previous work on cooling of the mat, constant 
mat thickness, density, and conductivity were used in the 
calculations. In reality, however, these mat properties 
vary with compactive effort.
The purpose of this study was to determine the 
effect of the change of mat properties due to compaction 




Dickson and Corlew developed a computer program 
for calculating temperature profiles of hot-mix asphalt 
concrete. Prenzel investigated the cooling of hot- 
asphalt concrete that has been laid on preheated base.
These investigators assumed that the change of mat 
thermal conductivity and density because of compaction 
has negligible effect on the rate of cooling of the mat.
2
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ANALYSIS OF THE PROBLEM
The physical problem is one of flow of thermal energy 
from the hot-mix asphalt concrete to the atmosphere and 
the base. The thickness of the mat is very small compared 
to the width and length; therefore, heat flow is considered 
to be in the vertical direction only(see figure 1).
Heat is lost to the atmosphere from the upper surface 
of the mat by convection and radiation. Heat loss by conv­
ection is governed by wind■velocity, and by the temperature 
difference between the atmosphere and the asphalt. The heat 
loss by radiation is. equal to the product of the surface 
emittance, the Stefan-Boltzmann constant and the absolute 
surface temperature to the fourth power. Besides losing 
thermal energy, the surface also receives radiant energy 
from the sun.
Heat energy is also lost from the lower surface 
of the mat into the. base by thermal conduction. The amount 
jof this heat .flow from the mat to the base is governed by 
the densities, thermal conductivities, and the temperature 
distribution of the two regions. The temperature distribu­
tion of these regions vary with time. Density, and thermal
3
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conductivity of the mat vary with rolling,
Mat Density as a Function of Roller Passes
As the paver lays down the mat it also compacts it to 
about 80 percent of the laboratory density. Following the 
paver are rollers which compact the mat. When compaction 
is completed the mat has about 95 percent of the laboratory
density. In this problem it is assumed that compactive
effort and density, are the same right through the entire 
thickness of the mat. In reality the compactive effort 
and the density are less near the base than at the surface 
of the mat. It is further assumed that compaction is essen­
tially complete after one roller pass for a mat thickness 
of C.?5 in, or less, and after 2 passes for a mat thickness 
.greater than 0,75 in. but less than 1.75 in. and after 3
passes for a mat thickness greater than or equal to 1,75 in,
but less than ^.0 in. A roller pass is defined as 
one movement of the roller past a given spot on the 
pavement,
In instances where compaction is completed after 
more than one roller pass, the first roller pass causes the 
greatest increase in density, while the last pass causes the 
least Increase in density. It was assumed that the quadratic 
equation shown below best describes the increase in mat 
density with rolling(Fig. 2):
RHO = a + b(RP) + c(RP)2 (1)
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where RHO = density of the mat
RP = number of roller passes
and a,b,c are constants to be determined from the
following boundary conditions (BC)!'
BC 1 : EHO = 0.8, RP = 0
BC 2 : RHO = 0.95, RP = 3
BC 3 * -d(RHO) -pp _dTRPj " °» RP - 3
Mat Thickness as a Function of Roller Passes
The density of the mat is given by
RHO = ¥
A x THICK (2)
where A = cross sectional area of the mat 
THICK = thickness of the mat.
¥ = weight of the‘mat.
Equation 2 shows that the-thickness of the mat is inversely 
proportional to the density. Therefore, after obtaining 
mat density from equation 1, mat thickness can be obtained 
by using the inverse relation as shown below:
THICK RHOI x THICKI (3)~ EHO
where
THICKI = thickness of the mat before rolling
'RHOI = density of mat before rolling
RHO = density of mat after the first,
second or third rolling
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Thermal Conductivity and Heat Capacity of the Mat as 
Functions of Roller Passes__________________________
It was assumed that the conductivity of the mat is 
directly proportional to the density. At 95 percent 
laboratory density the thermal conductivity is 0.7 Btu/ 
ft/hr/°F (Dickson and Corlew p.10, 1970) and so at 80 
percent laboratory density the conductivity is 
(0.75)(80/95) Or 0.589 Btu/ft/hr/°F.
It was assumed that the change of heat capacity with 
compaction was insignificant.
Spacing of Roller Passes
There are many different ways of spacing roller 
passes; however, only those shown in Figures Jat 3t>» 3c and 
3d were considered in this study. Instances shown in 
Figures 3e and Jf were not considered because they 
approximate the model used in the previous studies in 
which compaction was assumed complete the moment the mat 
leaves the paver.
Solution to the Problem
Only numerical solution will be discussed here. The 
analytical solution and its shortcomings were discussed 
by Corlew and Dickson(l968, p*5)*
Numerical Solution: The first step in a numerical
analysis is the subdivision of the system into suitable
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regions and the location of points or nodes in space as 
shown in Figure 4* The second step is writing the finite 
difference equations for each point. Finally, the temp­
erature of each node in the system is obtained by solving 
the equations.
An energy balance over the first node of the system 
is diagramatically represented in Figure 5. From this 
energy balance the following finite-difference equation 
for the surface temperature is obtained:
At) TM(l)(t) [l
2«f At (NBi + 1 ) ]
(4)
where TM(1)/.n = temperature of node one on the
surface of the mat at time t, °F
TM(1)^+ A ^ = temperature of node one on the
temperature of node two in the
mat at time t, °F.
thermal diffusivity of the mat,
ft2,hr-1
t incremental time, hr 
thickness of incremental elementA y
of the mat, ft.
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•Nĝ  = Biot number, dimensionless
m
k = thermal conductivity of the mixm
Btu.hr-1,ft'1,°F-1.
h = heat transfer coefficient, Btu,
ft-2,ht-1 °F-1f
H = solar radiant energy incidents
-2 -1on the mat surface, Btu,ft ,hr 
a = total absorptance of the mix,
dimensionless 
€ = total emittance of the surface
of the mat, dimensionless 
a~ = Stephan-Boltzmann constant
1.714 x 10-9 Btu,ft-2,hr-1,°R .
An energy balance on the second node gives the 
following equation:
™ < 2 >(t+ At) = ™ < 2>(t) [ ™ (3)(t)
- 2TM(2)(t) + TM(l)(t) 1 (5)
With spatial subscripts changed, this equation can be 
applied to any internal node of the mat.
The equation for the bottom node(Nth node) of the mat 
and adjacent to the base is
™ < N>(t + At) = ™ ( N >(t)r
+ [TB(l)(t) - 2TM(N)(t)
Ay
+ TM(N-1)(1;) 1 (6)]
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where oC is thermal diffusivity of the mix and 
TB(l)^^ is the temperature of node one in the base at 
time t.
The equation for the temperature of the first node in 
the base is
where ot is the thermal diffusivity of the base.
After obtaining the temperature of each point in 
the system from equations 4 to 8 inclusive, the average 
temperature of the mat and the net heat flux leaving the lower 
and the upper surfaces of the mat can be calculated as 
shov/n below*
(7)
whereoCis the thermal diffusivity of the tase.
4" ViFinally, the finite difference equation for any j 








[™(N)(t) " ™ (N>(t+At)]+ L ™ ^ - 1
", ™ (N)(t+At) do)
( TM(i) + TM(1)/2.0)/(n - 0.5) (11)
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where TM'„ = average mat temperature ave 0
= heat flux leaving the upper surface of the 
mat, Btu, ft""^,hr~^ 
q2 = heat flux leaving lower surface of the
mat, Btu, ft"~̂ , hr”***
= density of the mat, lb^-ft
1 r\ 1C = heat capacity of the mat, Btu, lb~ , E~P
H = number of nodes in the mat(”0.5” appears
in the equation because the surface
element is one-half the thickness of
the other elements).
The Effect of Rolling on the form of Einite-Difference 
Equations _____________
The form of the finite difference equations depends 
primarily on the boundary conditions and the subdivisions 
of the system. Boundary conditions are independent of 
•rolling and as shown in Eigure 6, the number of the 
subdivisions is not affected by rolling. Consequently 
the form of the finite difference equations is also not 
affected by rolling.
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A P P R O A C H
Calculations of time for the mat to cool to average 
temperatures of 225°F, 2Q0°F and 175°F were performed for 
mat thickness of 0.5, 1.0, 1.5, 2.5 and 3.5 in. Initial
mat temperatures used were 300, 275 and 250°F and a solar
flux of 50 Btu/ft^/hr was used.
Other pertinent variables were used as shown below:
1. When the primary purpose was to determine the effect 
of compaction on the cooling of the mat, combinations of 
the following quantities were used.
. a. base properties same as mix properties
b. base temperatures same as atmospheric 
temperatures from 10°P ‘to 60°P in 10°F increments
c. roller passes spaced as shown in Pig.3a and 3b
d. roller passes spaced as shorn in Pig.3c and
3d
e. wind velocity of 10 knots
2m When the purpose was to determine the effect of
moisture on the cooling rate of the mat, the following 
variables were used.
■a. base and mix properties as shown in table 2
1t
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b. base temperatures were the same as atmospheric 
temperatures and.computations were made at 50, 
30 and 10°F.
c. moisture content of 0, 10 and 20 percent
d. roller spacing as shown in Fig. 3a and 3b
e. wind velocity of 10 knots
3. To determine the effect of wind velocity on the 
cooling of the mat these variables were used.
a. mix properties were the same as base properties
b. base temperatures of 50, 30 and 20°F were the
same as atmospheric temperatures.
c. zero percent moisture in base
d. wind velocities of 0, 10 and 20 knots.
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COMPUTER PROGRAM
This program is a modification of the program 
developed by Dickson and Corlew(l970, Appendix A).
The modifications enable the program to handle changes 
of mat properties with rolling.
Listing
A listing of the computer program and the Fortran 
code used in the computer listing are presented in the 
Appendix.
d)his program can also handle conditions of constant 
mat properties by making RHOI = 140, CHI = 0.7, THICKI = 
thickness of compacted mat, and by replacing statement 
number 66 by ”00 TO 1000".
Data Input
Data input to the computer program consist of 
number of nodes in the mat and the base, heat transfer 
coefficient, initial thickness of the mat, run number, 
initial temperature of the.mix and base, atmospheric 
temperature, solar flux, and time between roller passes 
(See read statements at the beginning of the listing). 
Other variables, including thermal properties of the mat
13
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and base, and moisture of the base, appear in the listing 
as constants*
Initial Base and Atmospheric Temperatures Initial 
steady state base temperature profile was assumed although 
in reality the temperature of the surface node is slightly 
higher than that of the internal nodes because of solar 
flux. The error introduced by assuming a steady-state 
condition is negligible.
Atmospheric temperature was selected as equal to 
initial base temperature.
Initial Mat Thickness and Number of Roller 
Passes The initial mat thickness was obtained by 
calculating backwards from the compacted mat thickness.
This was possible because of the inverse relation between 
thickness arid density(Equation 2), and because initial and 
compacted densities are respectively, 80 and 95 percent 
laboratory density. Thus the initial mat thickness is 
(95/80) of the compacted thickness. After calculating the 
initial mat thickness, the required number of roller passes 
is assumed, and the constants a and b in Equation 1 
calculated. Table 1 below shows mat thicknesses and 
their corresponding constants used in this study.
ER -1330 15
Table 1. Required number of roller 















for Equation 1 
b c
0.594 0.5 1 0.8 0.3 -0.15
1.188 1.0 2 0.8 0.15 -0.0375
1.781 1.5 2 0.8 0.15 -0.0375
2.971 2.5 3 0.8 0.0999 -0.0166
4.16 3.5 3 0.8 0.0999 —0.0166
Heat Transfer Coefficient Computations were 
performed for wind velocities of 0, 10 and 20 knots.
Frenzel (1970, p*30 ) gives heat transfer coefficients
corresponding to these wind velocities of 1.5 , 4.4, 5.7, 
respectively.
Solar Radiation Hickson and Corlew (1970, p.6) 
recommend a solar flux of 50 Btu/ft /hr as the most 
appropriate for the range of base temperatures investigated.
Asphalt and Base Properties Asphalt and base 
properties used in this study were taken from Frenzel 
(1970, p.27) as calculated by Kerstein(see table 2).
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Sandy Soil, 10$'moisture 
Unfrozen Thawing Frozen
k 0.7 0.7 1.1 1.1 1.2
p 140.0
o*oCM 114.0 114.0 113.0 .
cp 0.22 0.22 0.29 7.6 0.25
Sandy Soil, 20$ moisture
Unfrozen Thawing Frozen
1.3 1.5 2.1
108.0 108.0 107.0 
0.35 14.6 0.27
ER—1-330
R E S U L T S
Results of this study are presented in Figure 7 
to 18 and in the Appendix.
Effect of compaction on the cooling of the mat
Figure 7, 8 and 9 show the effect of compaction 
on the cooling of the mat. Dashed curves show the results 
obtained when the effect of compaction on mat properties 
was assumed negligible, and the solid curves show results 
obtained when mat properties varied with compaction. The 
dashed curves are about 7 percent lower than the correspon­
ding solid curves.
These figures also show that the difference between 
any dashed curve and its corresponding solid curve 
increases with mat thickness, initial mix temperature, and 
initial base temperature.
Effect of spacing roller passes on the cooling of 
the mat ______ ________________________
Figure 10 compares different ways of spacing of 
roller passes on the cooling of the mat. Variation of 
roller spacing was not possible for mat thickness less than
1.0 in. This Figure shows that spacing if roller passes
17
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has negligible effect on the cooling of the mat.
Effect of wind velocity.on the cooling of the mat,
Eigures 11, 12, and 13 show that increasing wind 
velocity decreases time to cool to 175°E. These Eigures 
also show that the increase in wind velocity is not directly 
related to time to cool to 175°E. Eor example, Eigure 11 
shows that when wind velocity increases from 0 to 10 
knots time to cool for a 3-in. mat is reduced by 9 minutes; 
but when -wind velocity increases from 10 to 20 knots time 
to cool is reduced by 2 minutes.
Comparison of Eigure 10 with Eigures 12 and 13 shows 
that the non-linear relation between wind velocity and time 
to cool is more pronounced when the base is frozen.
In Eigure 14, dashed curves show results obtained when 
mat properties were assumed constant, and solid curves show 
results obtained when mat properties vary with compaction.
AT is the error introduced by assuming constant mat proper­
ties. This Eigure shows that this error increases with wind 
velocity: at 0 knots and 20 knots the error involved is 
about 7 percent and 15 percent respectively.
Effect of nioisture on the cooling of the mat
Eigures 15, 16 and 17 show that increasing moisture 
content in the base reduced time to cool to 175°E.
Eigure 18 shows results obtained when mat properties 
vary with compaction(solid curves), and results obtained
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when mat properties were assumed constant(dashed curves). 
This Figure shows that the error(AT) involved in assuming 




Finite difference method always involves some error 
due to incremental modeling of a continuum. However 
previous work suggests that conduction systems with small 
nodes and incremental time yield results with small finite 
difference errors. The largest allowable size of nodes 
and incremental time are determined by applying 
Dusinberre!s stability criterion which says, "avoid negative 
coefficients" (1961, p.13)* Application of this rule gives 
the following inequalities.
In order to satisfy inequalities 12 and 13,5 nodes 
and an incremental time of 0.0005 hours were used for 
mat with compacted thickness of 0.5 inches, 10 nodes and
0.0005 hours were used for mats with compacted thicknesses 
of 1.0 and 1.5 inches, and 20 nodes and 0.0005 hours were 
used for mats with compacted thicknesses of 2.5 and 3.5 
inches.
When inequalities 12 and 13 are satisfied, finite 
difference errors are 'far outweighed by errors involved
1 + 1 ) ^ 0 (12)
A y 2and (13)At
20
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in measuring mat properties. Frenzel, in reporting thermal 
properties calculated by Kersten, says that 20 percent 
errors are involved (1970, p.40). Furthermore, it was 
assumed that the changes of density and thermal conductivity- 
can be described by equations 1 and 3. In reality the 
changes in these properties may be better described by 
other functions, thereby introducing errors in the results.
In order to establish a level of confidence in the 
calculations, a thermal energy balance was included in the 
computer program. This balance consists of (1) calculating 
heat fluxes from the upper and lower surfaces of the mat 
for each time increment, (2) using the heat fluxes to cal­
culate cumulative heat loss, (3) calculating cumulative 
heat loss from the mat by taking the difference between 
the initial and final heat content of the mat, and (4) 
comparing of 2 and 3 above. These should show close 
agreement; if not, calculative errors were involved.
ER-1330
C O N C L U S I O N S
1. Change of mat properties due to compaction
significantly reduces the rate of cooling of mats whose 
compacted thickness is greater than 1.0 in.
2. The error introduced by assuming constant
mat properties increases with an increase of wind 
velocity
3. ^he error introduced by assuming constant
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Figure 1 • Cross section of hot-mix asphalt concrete showing 
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Figure 4 x Incremental elements of hot-mix asphalt 
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Figure 5» Interaction of various modes of thermal energy 































Figure 6. Change of mat thickness with rolling
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Figure 7. The Effect of compaction on the
cooling of hot-mix asphalt concrete
Base temperature 
Mix properties -- 
Atmospheric temp. -- 
Spacing of roller passes -- 




same as base properties 
same as initial base temp, 




Mat properties vary with compaction 





























Figure 8. The effect of compaction on the
cooling of hot-mix asphalt concrete.
Base temperature 
Mix properties -- 
Atmospheric temp. •
Roller spacing -- 




same as base properties
same as initial base 
temperature




Mat properties vary with compaction






























Figure 9. The effect 
cooling of
Base temperature 
Mix properties -- 
Atmospheric temp. --
Spacing of roller passes --
of compaction on the 
hot-mix asphalt concrete
= 10°F
same as base properties 
same as initial base 
temperature
as shown in Figure ya. and 3^ 




Solar radiant flux 
Percent moisture 
Wind velocity
Mat properties vary with 


































Figure 10. The effect of spacing of roller 
passes on the cooling of hot-mix 
asphalt concrete
Mix properties --  same as base properties
Atmospheric temp,  same as initial base temp.
Solar radiant flux -- 50 Btu/ft^/hr
Percent moisture -—  0
Wind velocity -- 10 knots
—a □—  spacing of roller passes as shown
in fig 3a and Jb 
"— °— °—  spacing of roller passes as shown in 
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The effect of wind velocity 
on the cooling of the mat 
when variation of mat properties 
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Figure 12. The effect and wind velocity on the 
cooling of hot-asphalt concrete when 
variation of mat properties with 
compaction is considered*
Initial mix temp. 
Initial base temp. 








same as base properties 

























Figure 13. The effect of wind velocity on the 
cooling of the mat when varying mat 
properties with compaction is considered.
Initial mix temp. 
Initial base temp. 
Solar radiant flux 
Percent moisture 
Mix properties *—  
Atmospheric temp. —




same as base properties




























Pigure 14. The effect of compaction and atmospheric 
conditions on the cooling of a 2-in. mat
Mix properties —  same as base properties
Atmospheric temp,—  same as initial base temp*
Percent moisture = 0
Solar radiant flux = 50,Btu/ft^/hr
Variable mat properties due to 
compaction considered in calculations. 
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Figure 15. The effect of moisture on the 
cooling of the mat when mat 
when mat properties vary with
compaction.
Initial mix temp.
Solar radiant flux 
Atmospheric temp. —
Mix and base properties
= 300°F
= 50 Btu/ft^/hr
same as initial base 
temp.




























Figure 16. The effect of moisture on the cooling 
of the mat when mat properties vary 
with compaction.
Initial mix temp. 




same as initial base 
temp.



























Figure 17. The effect of moisture on the cooling 
of the mat when mat properties vary 
with compaction*
Initial mix temp.
Solar radiant flux 
Atm. temp. *—
Mix and base properties —
300°F 
50 Btu/ft2/hr
same as initial base temp, 















Figure 1B. The effect of moisture on the
cooling of a 2-in mat when 1) mat 
properties vary with compaction and 
2) mat properties are constant-,*
Solar radiant flux = 50 Btu/ft^/hr
Atm. temp. —  same as initial base
temp.
Mix and base properties—  as given in Table 2
—  ------  Mat properties vary with compaction
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A P P E N D I X
> „
-This appendix contains a listing of the computer 





Initial Mix Temp. = 250°P
Percent Moisture = 0.0
Wind Velocity = 10 knots
Atm. Temp.... same as base temperature.
Base properties ... same as mix properties 















to cool to 175°F
112 0.5 60 0.3 0.8 1.5
*
1.4
300 1.0 60 0.8 2.3 4.4 4.1
500 1.5 60 1.5 4.4 8.3 7.7
700 2.5 60 3.3 9.5 17.9 16.3
900 3.5 60 5.5 15.9 30.1 y28. 0
1.3113 0.5 50 0.2 0.7 1.4
301 1.0 50 0.7 2.1 4.1 3.8
701 2.5 50 3.0 8.8 16.7 15.4
901 3.5 50 5.1 14.9 28.0
115 0.5 . 30 0.2 0o 6 1.2 1.1
303 1.0 30 0.6 1.9 3.5 3.2
503 1.5 30 1.2 3.5 6.6 6.1
903 2.5 30 2.6 7.7 14.5 13.4
903 3.5 30 4.5 13.0 24.0 23.0
117 0.5 10 0.18 0.5 1.0 0.9
305 1.0 10 0.5 1.6 3.1 2.8
505 1.5 10 1.1 3.1 5.8 5.4
705 2.5 10 2.3 6.8 12.8 11.8
905 3.5 10 4.0 11.6 21.5 20.3
* Data under the star were taken from Dickson and Corlew;




Initial Mix temp, = 275 F
Percent Moisture = 0.0
Wind velocity = 10 knots
Atm, temp. .. same as base temperature
Base properties ... same as mix properties
















to cool to 175 P
106 0,5 60 0.7 1.3 2.1
&
1.9
306 1.0 60 1.9 3.6 6.0 5.6
506 1.5 60 3.6 6.8 11.2
706 2.5 60 7.9 14.8 24.0 )22.3
906 3.5 60 13.3 24.9 40.2 37.8
109 0.5 30 0.5 1.0 1.7 1.5
309 1.0 30 1.6 3.0 4.8 4.5
509 1.5 30 3.0 5.6 9.1 8.4
709 2.5 30 6.6 12.2 19.5 18.9
909 3.5 30 11.1. 20.8 33.0 31.0
111 0.5 10 0.5 0.9 1.5 1.3
311 1.0 10 1.4 2.6 4.2 3.9
511 1.5 10 2.7 5.0 00 0 o 7.4
711 2.5 10 5.9 11.0 17.4 16.3
911 3.5 10 10.0 18.6 29.4 27.6
* Data under the star were taken from Dickson and Corlew;





















Initial mix temp. = 300 E
Percent moisture = 0.0
Wind velocity = 10 knots
Atm. temp. ... same as ’base temp.
Base properties ... same as mix properties. 



















Time to Time to
cool to cool to





































Initial mix temp. = 250 F
Percent moisture = 0.0
Wind velocity = 10 knots
Atm. temp... seme as base temp.
Base properties .. same as mix properties 



















— 1.0 60 — — m.
5500 1 *5 60 1.5 4.5 8.4
7700 2.5 60 3.3 9.6 oCO
9900 3.5 60 5.5 16.1 30.4
— 1.0 30 - - -
5501 1.5 30 1.2 3.6 6.7
7701 2.5 30 2.6 7.8 14.7
9901 3.5 30 4.5 13.1 24.5
- 1.0 10 - - -
5502 1.5 10 1.1 3.2 5.9
7702 2.5 10 2.3 6*9 12.9




Initial mix temp. = 275 F
Percent moisture = 0.0
Wind velocity = 10 knots
Atm. temp. ... same as initial base tanp.
Base properties .. same as mix properties 
Spacing of roller passes ..as in Pig 3c & 3d.
Run Thickness Atm. Time to Time to Time to
Lumber of mat temp. cool to cool to cool to
(in) .(Op) 225 F 200 P 175 F
3300 1.0 60 o.C\J 3.7 6.1
5503 1.5 60 3.8 7.1 11.4
7703 2.5 60 7.9 14.9 24.1
9904 •3.5 60 13.3 25.3 40.6
3301 1.0 30 1.6 3.1 4.9
5504 1.5 30 3.1 5.8 9.2
7704 2.5 30 6.6 12.5 19.8
9904 3.5 30 11.1 21.0 33.2
1.0 10 - — -
5505 1*5 10 00•CM 5.2 8.2
7705 2.5 10 5.9 11.0 17.4




Initial Mix. Temp. = 300°P
Percent moisture = 0.0
Wind velocity = 1 0  knots
Atm. temp. ... same as initial base temp.
Base properties ... same as mix properties


















3302 1.0 60 3o 2 5.1 7.7
5506 1.5 60 6.0 9.5 14.2
7706 2.5 60 12.6 20.3 30.2
9906 3.5 60 21.2 34.1 50.4
3303 1.0 30 2.6 4.1 6.2
5507 1.5 30 5.0 7.8 11.5
7707 2.5 30 10.7 17.0 24.8
9907 3.5 30 18.0 28.7 41.8
- 1.0 10 — - -
5508 1.5 10 4.5 7.1 10.2
7708 2.5 10 9.6 15.2 22.2




Effect of Wind Velocity on the Cooling 
of the mat
Initial mix, temp. = 250°F
Atm, temp. ... same as initial base temp.
Mix properties ... same as base properties











0.5 50 1.7 1.4 1.3
1.0 50 5.2 4.1 3.8
1*5 50 10.0 7.9 7.2
2.5 50 22.1 16.7 15.3
3.5 50 37.2 28.0 25.6
0.5 30 1.4 1.2 1.1
1.0 30 4.5 3.5 3.2
1.5 30 8.6 6.6 6.0
2.5 30 19.3 14.5 13.2
3.5 30 32.7 24.0 22.1
0.5 10 1.3 1.0 1.0
1.0 10 3.9 3.1 2.8
2.5 10 7.6 5.8 5.3
2.5 10 17.1 12.8 11.7




Effect of Y/ind Velocity on the 
Cooling of the mat
Initial Ternp. of the mat = 275°F
Percent moisture = 0
Atm. temp. ... same as initial base temp.
mix properties ... same as base properties






Time to cool to 175°F 
0 Knot 10 Knots 20 Knots
0.5 50 2.3 2.1 1.8
1.0 50 7.2 6.0 5.1
1.5 50 13.7 11.2 9.5
2.5 50 30.2 24.0 PO o e
3.5 50 50.2 40.2 34.4
0.5 30 2.0 1.7 1.5
1 .0 30 6.2 4.8 4.4
1.5 30 12.0 9.1 8.2
2.5 30 26.4 19.5 17.9
3.5 30 44.5 33.0 30.0
0.5 10 1.7 1.5 1.4
1.0 10 5.4 4.2 3.9
1.5 10 10.6 8.0 7.3
2.5 10 23.6 17.4 15.8




Effect of Wind Velocity on the 
Cooling of the mat
Initial mix temp. = 300°?
Percent Moisture = 0
Atm. temp. ... same as initial base temp.
mix properties ... same as base properties
Mat Thick- Atm. Time to Cool to 175°E
ness (in) Temp. (In Ch.es)
0 Knots 10 Knots 20 Knots.
0.5 50 3.1 2.5 2.3
1.0 50 9.2 7.0 6.4
1.5 50 17.4 13.0 11.7
2.5 50 37.8 o*COC\f 25.4
3.5 50 60.0 46.7 42.8
0.5 30 2.6 2.1 1.9
1.0 30 8.0 6.1 5.6
1.5 30 15.2 11.3 10.3
2.3 30 33.5 24.6 22.4
3.5 30 56.0 41.3 37.7
0.5 10 2.3 1.8 1.7
1.0 10 7.0 5.4 4.9
1.5 10 13.5 10.1 9.2
2.5 10 30.0 21.9 19.9
3.5 10 50.5 37.0 33.7
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Effect of Moisture content in Base 
on the Cooling of the Mat
Initial Mix. temp. = 250°E
Atm. temp. .. same as initial base temp.
Mix and base properties .. as in Table 2
Mat Atm. Time to Cool to 175°?, Minutes
Thickness temn.(in) 0 <fo 10i 20i
K 1 moisture moisture moisture
0.5 50 1.5 1.2 1.1
1 .0 50 4.3 3.6 3.3
1.5 50 o.00 6.8 6.4
2.5 50 17.3 15.0 00 *
3.5 50 28.8 25.2 23.9
0.5 30 1.3 - «
1.0 30 3.7 2.6 2.3
1.5 30 6.9 5.0 4.4
2.5 30 15.0 11.3 10.0
3.5 30 25.0 19.1 17.0
0.5 10 1.1 - -
1.0 10 3.2 2.4 2.1
1.5 10 6.0 4.5 4.0
2.5 10 13.2 10.2 9.1




Effect of Moisture Content in Base 
on the Cooling of Mat
Initial mix, temp. = 275°E
Atm. temp. ... same as initial base temp.
Mix. and base properties .. as in Table 2
Mat Atm. Time for mat to cool to 175°P
Thickness temp. (minutes)
°P 0 $ moisture 10$ moisture 20$ moist..
0.5 50 2.0 1.6 1.5
1.0 50 5.8 4.8 4.5
1.5 50 00•or- 9.2 8.6
2.5 50 23.2 ’ 20.0 18.9
3.5 50 38.7 33.8 32.0
0.5 30 1.7 1.2 1.1
1.0 30 5.0 3.6 3.1
1.5 30 9.3 6.8 5.9
2.5 30 20.3 15.3 13.6
3.5 30 33.9 26.2 23.5
0.5 10 1.5 1.1 '
1.0 10 4.4 3.2 2.9
1.5 10 CM.00 6.2 5.5
2.5 10 18.0 14.0 12.5




Effect of moisture content in base 
on the cooling of the mat
Initial mix. temp. 300°F
Atm. temp. .. same as initial base temp.
Mix. and base properties .. as given in Table 2
Mat Atm. Time for mat to cool to 175°B
Thickness temp. (minutes)
(in) (°F) 0 io moisture
10 io 20 
moisture moisture
0.5 50 2.6 CM.CM ro . o
1.0 50 7.3 6.1 5.6
1.5 50 13.4 11.3 10.6
2.5 50 28.9 24.9 23.4
3.5 50 48.2 42.0 39.7
0.5 30 2.2 1.5 1.3
1.0 30 6.4 4.5 4.0
1.5 30 11.7 8.6 7.5
2.5 30 25.4 19.2 17.1
3.5 30 42.6 33.1 29.5
0.5 10 1.9 1.4 1.2
1.0 10 5.6 4.1 3.6
1.5 10 10.4 7.9 7.0
2.5 10 22.7 17.6 15.8




Effect of Moisture Content in Base 
on the Cooling of the mat.
Base properties . 
Mat properties .. 
Mat Thickness ...
. as given in 








T e m p o
(oF)
Atm* temp. ... . 












250 60 13.0 11.0 10.3
40 11.1 9.3 8.9
50 10.4 7.5 6.6
10 9o2 6.8 6.0
275 60 17.4 14.8 13.8
40 15.1 12.8 12.0
50 14.1 10.4 9.1
10 12.5 - -
300 60 21.7 18.4 17.2
40 18.9 16.0 15.0
30 17.8 13.1 11.5
10 15.8 12.0 10.6
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Q B T H  z  V - ( T O ( K ) - T H ( K )  ) ■* C M *  < T O  < K-*-! ) - T O  < K ) > / D E X YP A R C E L ' s  D E L T  * C O T O P  + Q B T M 5 
H E A T I  ?  Hr A T I  + P A R C E L  
TOTAL'  s T H  { i ) / 2 V D O  3 2  -N = 2 , K 
32 T O T A L  ~ T O T A L  ' + T'M ( N )2 E T A H  s Sa T O T A L
H E A T 2  = A L P H A H  - 'ZETAH .
CHECK = 1 0 0 ,  » < ' H E A T 2 H E A T i  ) / H E  A 72- 
A V G T  = T O T A L  / (Y«.’5J 
Q U A N t s T h I X ( M )  # T H I C K  T s f + D E L T  
10 T I M E  a 60; * T
IF < T | M £ ~ 6 0 7 )  5 3 , 5 3 , 8 0
53 IF (A V G T  7- ' T E S T ) 7 0 , 7 0 , 6 0
60 IF CT I H E > A  5 40, 6 5 , 6 563 P R 1 NT 8 B O ,  T I M E ,  A V G T ,  Q T Q P ,  Q 8 T H ,  HEATI', M E A T 2 # -CHECK'P R I N T  0 2 0 ,  TH 
P R I N T  8 2 0 ,  TB 
66 . C O N T I N U E ,
C TSS -*•»»' sss $$$ •*## $$s .$$$' •*** $$$ 'SIS •#**•
n *«* $%$ • »«» $%$• %%% :$$'$ -#** .$$$ •*** .$ss $$$ #*#•
C C A L C U L A T 1 0 M O F  M A T  D E N S I T Y  A N D  T H E R M A L  C O N D U C T I V I T Y  C O R R E S P O N D I N G  TO
0 N U M B E R  OF p a s s e s  p e r f o r m e d
c
C S T A T E M E N T  9 9 1  A S K S  W H E T H E R  IT IS T I M E ’ F O R  ' F I R S T  R O L L I N G -
C S T A T E M E N T  992' a s k s  W H E T H E R  IT IS TIME' F O R  SECO ND . R O L L I N GH S T A T E M E N T  9 9 3  A S K S  W H E T H E R  IT IS TIME' FOR: T H I R D  . R O L L I N G
0 S T A T E M E N T  9 9 4  A S K S  W H E T H E R  -IT IS TIME' F O R  F O U R T H  R O L L I N G
G O  T O  ( 9 9 1 , 0 9 2 ,  9 9 3 , 9 9 4 , 9 9 5 ) , K K  
9 9 1  I F C A , L T . T R l ( M ) ) GO TO  1 0 0 0
K K s . K K +1 
R P  s 17
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4 4 4 4  c o n t i n u e
P C N T R O  = AAR * B B R a R P  ■ CCR*RP#*2'RHO «•. R N O l * P C N T R Q / V 9  .
T H I C K  •* T H I C K I * R H O I / R H O
C H  ? 'c m i * p c n t r o  / V b '
D ' M * C M / < R H O * S H a M>0 E L X  = < TH x C K / 1 2 V  5 /. C Y ~ V S )8 1 = H # D £ L X / C M  
P s D M a . O E L T / O E L X * * ? •R a { 2'. ̂ OH'TrDEtT 5 / (C H * 0 E L X )
s s s h a h  • # r h q  * d e u x .-
V - a S / D E L T  B . 5 C M / D E L X
0 ■= D E L X / T 2 > C M >
G * .1,/<D+E)
B I H  •= iV / < < D E L X / C 2 V * C M )  >* I Q E L Y / < 2 V * T C B ) ) 5 
■BFM = U / (  ( 0 E L X / C 2 V * 0 M ) ) + A D E L  Y / ( 2  » > F C B  > ) )
D E X Y  e O E I X
S T A 3 1  **■ 1 , - < 2 V * C H * 0 F l T / C D E L Y » * 2 * R H 0 * S H A M >  5
S T A 8 2  D E l Y # # 2 * R M 0 * S H A M / < C M * D E L T )P R I N T  1 0 0 1
P R I N T  1 0 0 2 , C H . ; R H Q ; t h I C K , R PP R I N T  2 0 0 4 , T O T A L  1A L R H A H  » 2 E T A H  ? 8 I < O T O P 1Q B T M
P R I N T  2 0 0 4 , S T A 3 1 ,S T A 8 2 , D E L Y , V # S ^ P A R C E L  
F O R M A T (6 F 1 8  i 3)
F O R M A T  (IX# 3 5 H * * # # * * * *  P R O P E R T I E S  OF' M I X  - a # # * # * # * )
F O R M A T  (I X  , 4 H C M  s F 5 V 2 ? 4 X * S H R H 0 :" F 6 V l ,  4X, 7 H T H  ICK-:sF5Vj?> AX, 4 H R P : ^ F  
•4 «1 / ?G O  TO 1 0 0 3
!F (A V I T ,T R 2 < M 5 ) G O  T O  1 0 0 0  K K  = K K +1  
R P  ” 2 ,
GO  TO 44 4 4
! F (A ,L T ,T R 3 1 M )5 G O  T O  1 0 0 0  
K K  5 K K  + 1
R P  - S3, .G O  T O  4 4 4 4 ’
1 F ( A V L T V T R 4 { M 5} G O  T O  1 0 0 0  "
K K  s K K +1 R P  a 4V 
G O  TO 4 4 4 4 .
C ***• $$% $$$■ ■$$$ #•»#• $$$ $$$ '»** • $$$ ..$$$ •##«
C $ $ $  * * #  $ $ $  T T T  3> $  Jfi • # # # '  $ $ $  S T T  S T S '  * # *2 9 5  C O N T I N U E
1 0 0 0  C O N T I N U E
A a A *• i  \G O  T O  40 
70 T E S T  •* T E S T  ■* 2 5 V  
T I M.I T I L )  s T I M E  
T E M P (L ) a A V G T  
I ~ U +1
I F ( T E S T - 1 5 0 V )  9 0  * 9 0 * 6 0  80 T I M I T ( 1 ?  = T I M E
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T E M P O . )  " A V G T
90 P R I N T  8 0 6 ,  R U NP R I N T ' 8 9 0  # X M Q 1ST 
P R I N T  8 0 7 ,  T H I C K ,  T M I X ( M )  , 8 A S £ ( M ■) » TAS.CM), S'RS{M)- 
00 91 1=1,4
91 P R I N T  8 0 4 ,  ' T E M P (1 5 , T I H I T ( L )P R I N T  8 0 8 ,  Q U A N T
9 2  C O N T I N U E
X M Q I  S T  s X M O I S T  * 10 V 
IK C X H o i S T V k Q V i o V) G O  T O  5 5 5 5  
IP' ( XMfj X S T V G T V 2 5 V > GO- 0 0  4 4 4 3  'GO TO' 3 5 5 6
r;
5 5 5 5  C O N T I N U E  .
0 P R O P E R T I E S  O F  T H E  B A S E  F Q R i o V o  P E R  .CENT M O I S T U R E '
C ‘
08 .= iVl 
TCB - iVl 
. 'fob = 1,2 
S H 8  ” ,29F S N 8  ■= V 2 5  
T S H R  r 7 V 6 
RHOP -*• 1 14V 
F'RMO ” 113V T R H 0 1 1 4 V
GO TO 1111C
5 5 5 6  0 Q N T I N U E :
C P R O P E R T I E S  o f  th e: . B A S E  F o r  20V 0 P E R  C E N T  M O I S T U R E  
c
cs ~ iVs
T C 8  ” lV5
fob - 2V1 
SHB * V35
'■ F S H 8  '= V2-7
T 3 H B = 14  V 6
R U 0 3 ■ “ 103V 
TRH.0 • « 107V 
TPHO » 108V
c
GO TO 11.11 
4 4 4 5  R U N  3 R U N  + iVM ■ Z  M + 1
G O  TO 1112.
8 F 0  F O R M A T  ( I ? , 8 X ,  i s l a x , F 10V 0)6 0 1  F O R M A T  ( 2 F 10 i 0)
8 0 2  F O R M A T  ( 12 / (  12 I 6 XI 8 F 8 V 0) )8 0 3  F O R H A T U 0 X , 2 6 N I N I T I A L  T H I C K N E S S '  OF M A T  - = F 6 V 2 > 6 H I  N C H E S / 1 0 X ,P I N  INJITI 
1AL M I X  T E M P V  = F 6 V 0 » 2 X # 9 H D E G R E E S  F/10 X # 2 6 H INITI A I B A S E  ‘T E M P E R A T U R  
2E = F 6 , 0, 2 X , 9 M  D E G R E E S  F / ; 1 2 X , 2 5  M A T M O S P H E R I C  T E M P E R A T U R E '  = F 6 V $  > 2 X • 9 H D
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3 EGREES F/10X,20HSOLAR RADIANT FLUX =F6. 0, 2X,12HBTU/SQ FT/HR/
41OX,23
5 HSIZE OF MIX INCREMENT =F12,8,2X,2HFT/10x,13HBIOT NUMBER =F12,8/)
804 QFORMAT (10X,23HTIME FOR MAT TO COOL TOF7.1,2X,11HDEGREES F =F8.2,2 
IX, 7HMINUTES )
805 FORMAT (//1OX,23HBEGINNING OF RUN NUMBERF6.0//)
806 FORMAT (//10X),21HSUMMARY OF TUN NUMBERF6.0//)
807 FORMAT (10X,24HFINAL THICKNESS OF MAT -F6.2,2X,6HINCHES/1OX#20HINIT 
1IAL MIX TEMP. =F6.0,2X,9HDEGREES F/10X,26HINITIAL BASE TEMPERATURE 
2 =F6,0,2X,9HDEGREES F/10X,25HATMOSPHERIC TEMPERATURE =F6.0,2X,9HD 
3EGREES F/lOX,20HSOLAR RADIANT FLUX =F6.0,2X, 12HBTU/SQ FT/HR)

















FORTRAN CODE USED IN COMPUTER PROGRAM
Time, min
a constant in the equation for density as a 
function of roller passes
Initial heat content of 1 sq. ft. of mat, Btu
Initial base temp., °F
Biot number, dimensionless
a^.constant in the equation for density as
a function of roller passes
Thermal conductivity of base,
Btu.hr-1,ft-1,°F-1
a constant in the equation for density as a 
function of roller passes
Ther percentage difference in the decrease 
in thermal energy of hot-mix asphalt concrete 
as determined from HEAT1 and HEAT2 
•Thermal conductivity of hot-mix asphalt 

















Thermal conductivity of hot-mix asphalt
<j 1 o — 1concrete before rolling, Btu, Hr"’, ft” , E 
Thermal diffusivity of base, ft^, hr”1 
Incremental time, hr 
Thickness of element in base, ft 
Thickness of element in mat, ft
? -1•Thermal diffusivity of the mat, ft ,hr 
Total emmittance of the mat surface, 
dimensionless
Thermal conductivity of frozen base,
-D4- -U -1 ^-1 O —5— 1Btu,hr ,ft , E
? -1Biffusivity of tne mat, ft*",hr 
Specific heat of frozen base, lb ft 
Convective heat transfer coefficient of 
mat, Btu,ft”^,hr”1,°E”1 
Bifference between initial heat content
of 1 sq. ft of the mat and heat content at
any particular time, T, as determined 
from energy fluxes and time, Btu 
Bifference between initial heat content
of 1 sq ft of mat and heat content at any
particular time, T, determined from 
temperature distribution in mat 
Number of finite-difference nodes in base 























Number of runs within the specified 
conditions
Incremental decrease in thermal energy 
of 1 sq ft of mat as determined from 
thermal energy fluxes and incremental time, 
Btu
Thermal energ:/ flux from lower surface of
-2 - 1mat into atmosphere, Btu, ft ,hr
-3
Heat index
Density of mat, lb, ft 
Density of base, lb,ft J 
Run number
Specific heat ofmat, Btu,lb"*^,°p‘"̂ 
Specific heat of unfrozen base, Btu,
lb-1, V "1
Stephan-Boltzman constant, 1.714 x 10 ,
Btu, ft-2,hr-1.“R-4
- 2  -1Solar radiant flux, Btu, ft ,hr
Atmospheric temp., E
O-Initial Atmospheric temp., P
Temperature of a point in base, °P
2 — 1Thermal diffusivity of mat, ft ,hr 
Specified temperature to cool to, °P 
Temperature of a point in mat, °P 














Thickness of mat, in
Density of thawing base, lb,ft
Time at which the first, second and third
rolling occurs respectively
O — 1Specific heat of thawing base, .Btu,lb" , F~ 
Heat content at any time, T, of 1 sq ft 
of mat
constants, evaluated as indicated in computer
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